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I. Introduction

The general objective of this program remains tbat of furthering the

development of nondestructive evaluation, particularly in relation to its

use as a means of quantitatively characterizing performance related proper-

ties of structural materials. The principal two areas of emphasis during

this reporting period have been low frequency eddy current testing methods

for nonferromagnetic metals and microwave testing of dielectric layers on

conducting substrates using surface electromagnetic waves.



11. Summary of Progress

A. Microwave Testing

The investigation of the use of surface electromagnetic waves to

measure the thickness and dielectric constant of a dielectric layer sup-

ported by a planar conductive substrate has been completed. The theoretical

results show that the thickness and the dielectric constant can be measured

independently by exciting a surface electromagnetic wave along the layer

and the subsequent measurements of its propagation characteristics. The

results of this theory have been tested by an experimental investigation

of surface waves traveling along 1-2 cm thicknesses of layers of dielectric

materials at a frequency of 10 GHz. The resulting predictions of thickness

and dielectric constant are found to be quite accurate when applied to

samples of known physical properties. The measurement of thinner layers

may be accomplished by simply increasing the frequency of operation.

Some addition complexity of the actual experimental apparatus

will result, but the same theory will still be valid. Technical details of

both the theoretical work and the experimental set-up including a comparison

of theory and experiment is included as Appendix A. A more detailed paper

is presently under preparation and will be submitted to a suitable journal

for publication.

B. Eddy Current Testing

The excitation of eddy currents in materials to detect flaws is

well developed in practice. The theoretical solutions, however, of even

the most basic geometries, which even remotely resemble practical testing

situations, have not been attempted until recently. The numerical solutions

of Dodd and Deeds [Journal of Applied Physics, Vol. 30, pp. 2823-2838, 1968]

and the analytical work by Zaman, Gardner and Long for both cylindrical
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[IEEE Transactions on Instrumentatioit',and Measurements, March 1981] and

planar [Journal of Nondestructive Evaluation, 1981] geometries are the first

real attempts to attack the basic eddy current problem on a theoretical

level. The results of these studies have application in many practical

cases where eddy current methods have been used for years.

The case of a single-turn ioop surrounding an imperfectly conduct-

ing cylinder has been solved for a slightly restrictive set of physical

parameters. The change in complex impedance of the coil was calculated as

a function of the geometry of the problem (radii of the coil and core) and

of the material properties of the core (conductivity).

In a similar fashion the impedance of a loop parallel to and near

an infinitely large planar conductor was calculated. This change in complex

impedance was found as a function of the size of the coil, the lift-off dis-

tance and the conductivity of the material. Again these results bear direct

application for practical testing situations employing planar geometries.

The results of these previous investigations nay also be used to

calculate the change in impedance due to a flaw in the conducting material.

A detailed derivation is given in Appendix B. A first approximation using

only the fields in the unflawed sample has been developed for the usual

case of a single coil eddy current system.

(z = V E E dv

This formula can then be applied to a small point flaw. Further development

to degenerate types of flaws (thin discs, needle shapes, etc.) is also

planned. The ultimate goal would be the prediction of the response of an

ellipsoidal anomaly.
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ti, hive been pursued to the point of pract iral itnutti. For application to thin coat ings. the
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eratoirs. ind tile like. ()Another is the vase T ae ean pn

of polymeric coatings for environmental protec-



persian relation is found:

(.ct)tan(Kt) - LK t (5)

Equation (5) implicitly defines the propagatilon

constant, 0, aa a function of ko I and t. This

transcendental equation cannot be solved exactly

in closed form. If Equation (5) is rewritten

In the form 
2 x /

xtanx cIcl( 0  22/2(6)

where

x .

it becomes clear that the solutions of the equ-

ligurr 1. Dlelec~ric Layer on Metal Substrate tion correspond to the intersection of the

THjEORY (circular) curve

Ref,,rring to Figure 1.* the illustrated unbound- y - [ Ct-i) (k 0 ) 2_x2 11

vd planar structure call be shown from Maxwell's with the curve

equ.it ions to support TM plane waves propagat ing y . xtanx

In the z-d irc. t l(,n (with surfaces of constant

phiase per 1 'endihular to the z-direction) for Multiple solutions to the equation occur, a new

hlh the z-c,,mljnent of thie amplitude of the branch occurring as x increases by a multiple

eiettric field Is given by the relations: of ii. For x - nw, the right hand side of Equa-

tion (6) must vanish. ie.,

E (si XI I U (;)()kn nr 112 * n-0.1 .... (7)
L n 0 o I(E-1)

whe r . The values of k ngiven by Equation (7) corre-

- (0 2 -k 112 (2) spond respectively to cutoff frequencies
0

0 t(t-1)

I, the ['ripagat ion constant,* and k2 w2IE, whrc (u 1/ in th pe lgt in_
0 00 5 O 0, i h sedo lgti

Lis the permittivitv of the dielectric laver vacuo. The fields corresponding to the solution

of thickness 1. Conditions for such a surface of Equation (6) for nx<(n+l)i are described

way.- exist when thie relation as the TM nSEW modes. The cutoff frequency for

k 0 . -L 1 k 0  () the TM0 mode IS. of course. zero; the TM0 mode

can be excited for any frequency. The higher

is ~iisle. orths as, ot Kan c0 ae order modes can be excited only for frequencies
rai-. plosItive qu.antities. exceeding their respective cutoff frequencies.

Ill#- remaining ccmponents of the electric field We note that a determination of the cutoff fre-

intensity, as well as the y-component of the quency of any mode except TM0 determines the

magnetic field Intensity follow from Maxwell's quantity i(t-l) 1/2

eqwlu.tons (the x-component end i-component van- If the left And right hand sides of Equation (6)

Ish) Whn th reuisie bunday cnditonsare expanded as a power series in x about the
on thie fields are imposed, the followingi dis-



value x - nfl, an approximate solution is ob-

tained which mav be written In the form

(- )
2  

---I )-)t ) (k -k )9)

EquatLion (9) is valid for

i k It0 kn

Equ.t ion (9) may be written

10 L
k I iI 2 . -) Co-n)  /i)\

[hni it the propagot ion t inst.int 6 is determined

.; .1 tln, ti ill the wave number k0 (for t ixed

v.L1,, it L and i ) , for value; of k0  greater

thinu, lit nea.lr ks. the 1 titv (c-1)k/c may be Figure 2. Prism Coupling Arrangement for

d,.trtmined as the slope of a graph of I (/ko)' Launching and Receiving Surface

1 /2 Electromagnetic Waves
- ] Vvrsus k,; the graph will intersect the

.l is it Ihle value k , which. in t urn, deter- necessary for a SEW on the substrate. At tiis

miuls tile q(1un tity .(L-I) Writing condition, a SEW will propagate. Thus tile con-

dition for launching a TM surface wave may be
n

s -(-I. (Ill writtenL

112s 5 -1 2 2 1/2
we .ive , = = I2+ (- i2 (k o-nk n) (14)

sp 1k 0

1+ 1- 4 (-n-) I

--- (12) where e is the relative permittivity of the
sk p

2 (--)2 prism material.

If the wave inside the prism, and incident on
anld

the prism-air interface, were an ideal plane

i 4) wave, there would be a sharply defined internal

angle of incidence 0. at which a THN SEW could

Thuo c and are determined as functions of the be launched. In practice the incident wave

experimentally measurable parameters s and k .
n roniprises plane waves with a range of propaga-

PRISM METHOD OF LAUNCHING AND RECEIVINo SEW tion directions distributed about a central ray.

Hence as 9 is varied, the amplitude of the
One practical means of launching a SEW is Otto's

(5) launched TM wave varies and is maximum for theprism method, 5)illustrated in Figure 2. If n

theoretical value of e. By measuring the valuethe angle of lncidence * is such that the in-

ternal angle of incidence exceeds thle critical of 0 at which the amplitude of the TMn SEW is

maximum, as a function of k0 (or, equivalently,

angle for the prism-air interface, then tile x-

compnnent of the (now complex) propagat ion the frequency of the incident radiation), 0/k0

vector for the field below the prism is pure is determined as a function of ko, and tiiuitior

Imaginary. By varying the angle of Incidence (10). (12) and (13) may be applied to determine

t and L.
* (and consequently the internal angle of inci-

dence 0), the ratio B/k. can (for appropriate EXPERIMENTAL METHOD

values of k0 ) be made to assume the value A block diagram of the experimental arrangement



timnim gal, f ,,,th best-cnupi Ing is h - A12,

where Iis tile I ree-span e wavelength of tine

microwaves.

V*>IAni aluminum sheet (allov 11b061) of size 8'x8

.:] is used as thle conductive substrate. Several

11,7L~ 1  polvpnrnpvlene sheets (if the same size but dif-

- I f rnnnt thicknesses are used a's tedielectric

Coat ing Material. The polv lpo p ylene sheets are

- 1avted oil thle aluminum sheet and clamped in

ordcr to minimize air space between thle poly-

______________ pronpylene and the aluminimnm sheet.

Tihere are two hasic parameters we have to mea-

sure,* name Iv thle frequency and thle incident

angle in the air. Blore making quantitative

in I I liiat'raw f Eper nentalmeasurements we have to scan several times to

determine thle angular range within which the

Is sacs -111o igulk. 1. A sweepl oscil Ilate whc Illo and TM, modes propagate with maximum ampli-
h.- .n i-io~io v ranfe rim 8.0 iit t, 12.4 Glizt d

I 4 1 .nI t he IIII riwe v i01rcv . l-or lauonci-ng

ii-n- 1t romligrneti( wave, Olte prism coupl- IIn the actual measurement, as the external an-

IIIng t-L Viol in has Vin-n U--n-ni. ihe 4, prisms gle is increased, we have to adjust the poel-

wi .- n ,I it nrait i n waxy having .-t measured t ion clf tile prism slightly in order to keep the

p-ri t t~ I, It 2.22; the base size of tile cent ral ray of the incident beam near the edge

pt r, I. 201 Lm 21) cm. in order to minimize of tine prism for most efficient coupling. Then

piI,-ip of iny radiation ocher than SEW tine coupling angle can be obtained by scanning

I- I~l.rt1W1VL abt~riingscrens erethe incident beam from 0 = 0' to 0. - 80* and

I !"11il'i( rahed , ) he pism. Agap measuring the angle at which the most energy is

''1 4 wis lelt tbietween thne micrnnwave ahsnorber coupled into the surface mode. The microwave

(n h, n --- o'.nin on whichn SEW propagated. Each frequency is obtained from the frequency meter.

In ni~n i-fin its an alnettunre 8 cm ,8 cm. In

r. .. gtL a tar-field pat tern we have tin set

Ox-l~onn between the transmission horn arid

'1 n r, r where ii is the d imension of the

.111, in- fir our ,ase, r has to be greater

I .I M. A divided nIrcnular quadrant (not

sin-wn Inn tint figure) witin a radius of 80 cm was

1)iii I t in tho- t ransmission bornt mo~unted nil it.

i--c thne renti wing horn a similar scanning device

witsi -mualier radius (r = 50) cm) is used. The

rt-n sin ant receilying horns can be inde--

I-nunnt iv scanned through 90*.

i ,r inn
4 

Iing the wave in the prism into fte- SEW,

there mn- hie an air gap bietween the prism and Figure 4. Surface Wave Intensity Versus Exzer-

thle die-lectric layer. Experiment shows the up- nal Angle of Incidence



RESULTS tained by means of Equations (12) and (13).

Figure 4 Is a ripresvntative itraph of the di- For tile examIlie. we have L a 2.16 and I - 1.56

te'ted glr.n,1l ,mlitud'. ais a funtion i) th.m. Ilese may be tospl red with the value

exter 1.11 atij, (ict in,< jiden . Mhe l arge pdk L - 2.25 determined by tile standard waveguide

cotl r ' lois to ti l IN mI,,d'; the smaller e-nd method. and I - 1.50 cm measured with a pair of

r,,sp'nis to t Ie mode. lab hI calipers.

'ho, I, i lfX.lhnl'. ot mel'snrtMemnts lLtAiTod I fror

a s . lImen ,, thi,kn -:fh , - j,'1) 0 m ntiod the

dlil, 1Itt~i, ,,[l,[ ll t ll' p I Il )~' 1 III' jdV 't'

, nl I , pt, t i It i t thi i 5 tu I ure, I e,

d 0ft I 1,11., 1 i,; tiat d,,-lt .f ft' Ir e,., -

be, ,
•  

,Ini tn higtl, t t i, Is usoIl l to dt-

tI'flo l It, I d It' i f( ' lstilflt lnd thickness

Mt ho' I. ut.1r. lit. tihl hisicil i -oflltkiills tile

fr-lf , t n l rd thw in- id -nt an 'lt ini (lit, air,

; - ,t t' ltia is si;lnpl
v  

determined from f

and *. lhit t i.-spi- w.t,we riumb'r is k 2,f/c Table 1. Representative Data for TM1 SEW on

wht, i the vl- itv ,t light it frte space. 1.5 Inch Polypropylene Layer on Alu
m -

The Il idvi t ,tjl O in th, prism, ", is obt i ned inum Substrate

from tli. in. idnt ,ngli- in the air, T. there

art, w iss: i) r - /4 then '1 -/4

-sin (Iin'-'n); ii) If / 4 /!. then

O --. o (i-l i;-:' 4)0n ). where nt is tile

refr.t tin indcx of th,. irism!;(n i p

The mist i0ll;; ttint iat.l,ft.ir w, must know is

thet .ti. _/ki r. A, l s t, T ei' tiie rv ,f

a111 linit Sh t, I t. t ir , l ( Uiinlilg te-ihlique.

thi' i, dvit .hl in thfl prism is determined

by tit -'il.o in in ; tlhcr,(,re iI we

kn,,w - .lifd : I I en .Ii 1- , it i d Ii rom the

ei I It ' i " l - , 'T 11 /k () in turn determineft
.);p'li i l,"

th , lifit its ,/k )Y I I .

Tile, .ippi,xlanite di.p.rinn relatiion fir any Th Figure 5. Function of Surface Wave Propagation
madt' ,f SEW4 n-.ir .uti)tt I j giv,,n by Equati,, Constant Versus Wave Numer of Ex-

citing Radiation

(9). From l 't idtifll (Ml)) we can se that if we

plot [ (i/k 0) -] vrsus ko, a straight line CONCLUSION

will result, and the siople s will be equal to The possibility of measuring the thickness and

(E-1)/Li; the intercept will be equal to tite dielectric constant of a dielectric layer on a

cutoff wave number k1. A representative graph conductive substrate by measuring the propaga-

corresponding to the data in Table I is shown tion constant of a TM SEW using the prism

in Figure 5. For this particular case, the launching method has been demonstrated in a

slope a - 8.39 10- 3m and k1 . 186.7 m- . regime appropriate to the 8-12 GHZ frequency

After a and k are determined, E and X are ob- range. To handle thinner dielectric layers it



will be necessary to employ much higher fre- 5. Otto, A., Eoitat in of Nonradiative Sur-

quetic uface Plasmatc Waves in Silver. Z 7. Physik,
Vol. 216. pp. 398-410 (1968).

A numbe-r of important points remain~ to be iii-

vest igaited, inc luding: (1) tile effects of

protnted variat ions in tile thickntess of the

die leit r ac lave'r (2) tile VffeCtS of pronounced

variaut i(uns Ila the dielvactric constaunt of the

diet t- t i, laver, uuud ( I) the. of ects uof im-

pert-' t arsIn thu. surface oif the. Contductive

subst t.,.

In order to rat ional ly op timize tile expivrimcn-

tai trunit iiWill be nuiesScirv to deve lop

a dra iiit- mat huii.ititjul moidel of tile prismi SEW

Ialdmiumlng .irr,111uigv.t

FinilIv, at Would bue wuirtuwl i tm invest igate

alt.vnut ivi. iiutiihiur, arrangemeints including

grai Ha:. (,I similhir periodic triuctures) and

spec iii imi .iiid it invest igate time possi-

bilitz ii 4 ifMi.i triuusvitse electric (11)

mtodes I, wel Ii bo th EMt andi IE moudes.
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Change in Impedance Due to a Flaw

in a Conducting Body



Change in Impedance Due to a Flaw in a Conducting Body

Consider a two-port network comprising (1) a transmitter T; a receiver

R; and (3) a conductive body B containing a void of volume vF as shown in

Figure 1. Consider the multiply connected region bounded by (1) the surface

SF of the void; (2) the closed surface ST partially surrounding the trans-

mitter and a portion of which coincides with a standard reference plane

cutting the field-guiding structure; (3) a similar surface SR for the

receiver; and (4) a boundary at infinity. Let (E0 ,00) denote the (time-

harmonic) fields that would exist if the void in B were not present, with

a current IR impressed at the reference plane of the receiver, with the

transmitter open-circuited (I T=O). Let (E,H) denote the (time-harmonic)

fields actually existing with the void present, a current IT impressed at

the reference plane of the transmitter, and the receiver open-circuited

(I R=-O). Within the bounded volume, (EoHo) and (E,H) satisfy the same set

of equations, i.e.

VXE = -jwl It ; VxH = jwr(r)E

By the Lorentz reciprocity theorem, we have

[E xH-ExH 0dS 
= 0

where dS is an element of surface which is taken to be directed into the

bounded volume. The surface S is the union of surfaces,

S = S UST US R US F
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We assume: (1) the tangential components of the electric field intensity

vanish over ST, and SR except over the respective reference planes (the

transmitter and receiver are shielded); (2) the fields satisfy the radiation

condition, so that the integral over S vanishes. Hence we have

i [E0 xH-ExH0
]dS = 0

We assume the transmitter and receiver field guides to operate in their re-

*spective dominant modes for which currents and voltages are so defined that

*! we have

is (E 0xH-ExH 0 ).dS = IT VT-ITVTo

ST

{s (E 0 H-EXH ).ds* = I R0V R-I RVR0

0 R0VR- RR 0

SR

By the assumptions made, I =0 (transmitter open-circuited for fields

(E0,1o )), and 1R=O (receiver open-circuited for fields (E,H)). Hence we

have

-ITV T 0 +1 (E0XH-EXi o)'dS = 0
0 SF

Now, V, z120R, where z12  is the transfer impedance between transmitter
T0 120 C)1 0

and receiver (no void); and

VR = Z 121T9 where z12 is the transfer impedance (with void).

Hence, we have

x
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R01T(z 12 ) 12 0 f (EIi( A )*x-' dS

or,

A 12=A 412 -12 0 1i I T j.( 0 XHEH0 )

0 0  SF

1 (-
- -'R

1  JV. ~ [EXH-ExH0 Jdv

(Since the tangential components of fields are continuous across S F)

1- (Vx' [H .(VX
Az12  11 V [R (T 'V 0 &(VXH) -90  (VxE)+ E(Vx 'oI0

0 F

R TT V "'(-wlo H0 -o.(jw 0 E)-H 0 (-jw110 H)4-.(jwc 0 i0 )dv

-TO T F

LZ 1  R 9T fV E d

0 F
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